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TRANSPORT PHENOMENA AND INTERFACIAL KINETICS

IN MULTIPHASE COMBUSTION SYSTEMS

1. INTRODUCTION

The performance of ramjets burning slurry fuels (leading to condensed oxide aerosols and
liquid film deposits), gas turbine engines in dusty atmospheres, or when using fuels from non-
traditional sources, depends upon the formation and transport of small particles across non-
isothermal combustion gas boundary layers (BLs). Even airbreathing engines burning "clean"
hydrocarbon fuels can experience soot formation/deposition problems (e.g., combustor liner
burnout, accelerated turbine blade erosion and "hot" corrosion). Moreover, particle formation and
transport are important in many chemical reactors used to synthesize or process aerospace
materials (turbine blade coatings, optical waveguides, ceramic precursor powders,...).
Accordingly, our research is directed toward providing chemical propulsion systems engineers
and materials-oriented engineers with new techniques and quantitative information on important
particle- and vapor-mass transport mechanisms and rates.

The purpose of this report is to summarize our research methods and accomplishments
under AFOSR Grant 91-0170 (Technical Monitor: J.M.Tishkoff) during the 1-year period: 15
February '92-14 February '93. Readers interested in greater detail than contained in Section 2 are
advised to consult the published papers explicitly cited in Sections 2 and 5. Copies of any of these
published papers (Section 5.2) or preprints (Section 5.3) can be obtained by writing to the PI:
Prof. Daniel E. Rosner, at the Department of Chemical Engineering, Yale Up',versity, Box 2159
Yale Station, New Haven CT 06520-2159 USA. Comments on, or examples of, the applications
of our research (Section 3.4) will be especially welcome.

An interactive experimental/theoretical approach has been used to gain understanding of
performance-limiting chemical-, and mass/energy transfer-phenomena at or near interfaces. This
included the development and exploitation of seeded laboratory burners (Section 2.1), and new
optical diagnostic techniques (Section 2.2, Fig. 5). Resulting experimental rate data (Fig.8),
together with the predictions of asymptotic theories (Section 2), were used as the basis for
proposing and verifying simple viewpoints and effective engineering correlations for future
design/optimization studies.

2. RESEARCH ACCOMPLISHMENTS

Most of the results we have obtained under Grant AFOSR 91-0170 during 1992 can be
divided into the subsections below:
2.1. TRANSPORT AND STABILITY OF AGGREGATED PARTICLES: THEORY

The ability to reliably predict the transport properties and stability of aggregated flame-
generated particles (carbonaceous soot, A120 3, SiO 2,...) is important to many technologies,
including chemical propulsion and refractory materials fabrication.

The Brownian diffusion-, inertial-, and optical-properties of aggregated particles, as
formed in sooting diffusion flames, are quite sensitive to size (e.g. number N of "primary"
particles; see Fig. 1) and morphology (geometrical arrangement of the primary particles). Needed
are methods to anticipate coagulation and deposition rates of suspended populations of such
particles, especially in combustion systems. Toward this end we have recently devloped improved
and efficient methods for predicting the Stokes drag of large 'fractal' aggregates via a spatially
variable porous sphere model (Figs. 1, 2). Using the Stokes-Einstein equation, the results of Fig.
2 can now be used to predict the Brownian diffusivity of such aggregates in the high pressure
(near continuum-) limit (proportional to the product of the reciprocal of the ordinate of Fig. 2 and
N-l/DD. This approach is currently being extended to predict the thermophoretic diffiusivity of
such aggregates, an important quantity we have recently found to be much less sensitive to size
and morphology than the translational Brownian diffusivity (Rosner et.al. 1992). Indeed, this
provides the theoretical basis for the thermophoretic sampling technique being employed in our
current experimental studies (Section 2.2,. These new methods/results, together with recent



results on the spread of aggregate sizes in coagulating populations, will be used to predict wail
capture rates by the mechanisms of convective-diffusion, turbulent eddy- impaction, and
thermophoresis (Rosner, Tassopoulos and Tandon,1993). Also needed are methods to predict
interactions between aggregates and their surrounding vapor environment---interactions which
can lead to primary particle growth, or bum-out. Toward this end we have also developed new
and efficient methods to predict the "accessible surface area" of aggregates (expressed as a
fraction , il, of the true surface area in Fig. 3), including its dependence on size (N), structure
(fractal dimension, Df), probing molecule reaction probability oa, and pressure level (via Knudsen
number based on primary particle diameter). Figure 4 shows the test of our "effective Damkohler
number" correlation approach when compared with exact results of many numerical integrations
(Rosner and Tandon,1993).

Also recently initiated are studies of the restructuring kinetics of aggregates - ie. those
factors which determine the observed size of the apparent "primary particles" comprising soot
particles, and the "collapse" of surface area observed in some high temperature systems (Cohen
and Rosner, 1993).

2.2. FORMATION, TRANSPORT AND STABILITY OF COMBUSTION-GENERA TED PARTICLES:
lAMINAR COUNTERFLOW DIFFUSION FLAME EXPERIMENTS
A manuscript descrbhing our measurements of :he thcnop ,,u ýt'c diffrsivity of flame-

generated submicron "soot" particles using a (TiCl4(g)-)seeded low strain-rate counterflow
laminar diffusion flame (CDF-) technique has just appeared (Gomez and Rosner, 1993). A
knowledge of the relative positions of the gas and particle stagnation planes and the associated
chemical environments, can be used to control the composition and morphology of flame-
synthesized particles. These factors should also influence particle production and radiation from
turbulent non-premixed "sooting" flames, as discussed further in Gomez and Rosner, 1993.

To extend this work to obtain fundamental information on nucleation, growth and
aggregate restructuring, during this past year we have developed an improved "slot-type" burner
(Fig. 5) and introduced instruments to carry out in situ measurements of particle Brownian motion
("dynamic light scattering"). We have also developed a thermophoretic sampler (Fig. 6) to extract
aggregates from various positions in the seeded-CDF for morphological analysis using electron
microscope images. Aggregate data obtained from CH4 flames seeded with titanium tetra-
isopropoxide (TTIP-) vapor are now being obtained and will be analyzed using the theoretical
methods briefly outlined in Sections 2.1, 2.3.

2.3. MULTIPHASE BOUNDARY LAYER THEORY: NUCLEATION, GROWTH. THERMOPHORESIS AND
INERTIA
Our IJHMT J paper giving comprehensive results of Seeded micro-combustor

experiments, and ancillary theoretical calculations on the interesting competition between particle
inertia and particle thermophoresis for the case of laminar gaseous boundary layers on surfaces
with streamwise curvature (e.g., turbine blades), should appear this Fall (Konstandopoulos and
Rosner, 1993).

We are now carrying out theoretical studies on the structure of thin reaction-nucleation-
coagulation 'sublayers' within laminar boundary layers, including stagnation flows similar to
those achieved in our counterflow burner (Fig. 5) and CVD-impingement reactor (see Fig. 7
below).

An account of our recent studies of the unusual population dynamics of coagulating
absorbing-emitting particles in strong radiation fields is about to appear in Aerosol Sci. Tech.
(Mackowski et.al., 1993). For a useful overview of our recent work on these and other effects of
energy transfer on suspended particle dynamics, see Rosner, et. al., 1992, which was included as
an Appendix to our last OSR Annual Report.

2.4. KINETICS AND MORPHOLOGY OF CVD-MATERIALS IN MULTI-PHASE ENVIRONMENTS
A small impinging jet (stagnation flow) reactor (Fig. 7) is being used to study the chemical

vapor deposition (CVD-)-rates of refractory layers on inductively (over-)heated substrates
(Collins, Rosner and Castillo,1992,1993). These measurements, initiated with the co-
sponsorship of NASA-Lewis Labs, are being used to understand deposition rates and associated
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polydispersed populations of aggregated particles in
combustion gases.
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sponsorship of NASA-Lewis Labs, are being used to understand deposition rates and associated
deposit microstructures observed in highly non-isothermal, often particle-containing local CVD
environments. Figure 8 shows (logarithmic ordinate) our apparent first order deposition rate
constants vs. reciprocal surface temperature for TiO2(s) obtained from TTIP(g). The dark points
show our predicted surface temperatures for the onset of vapor phase reactions ("vapor phase
ignition"(VPI)) within the boundary layer and the onset of vapor phase diffusion control of the
heterogeneous reaction(Castillo and Rosner, 1993).

In our OSR-sponsored Yale HTCRE Lab research during the past year, briefly reviewed
here, we have shown that new methods for rapidly measuring particle transport rates, combined
with recent advances in boundary layer theory, provide useful means to identify and incorporate
important, but previously neglected, mass transport phenomena in many propulsion engineering
and ma- :-ials engineering design/optimization calculations.

Despite the formidable complexities to be overcome in the design and operation of air-
breathing propulsion power plants utilizing a broad spectrum energetic fuels these particular
techniques and results are indicative of the potentially useful simplifications and generalizations
which have emerged from our present fundamental AFOSR-funded research studies of
combustion-generated particle transport mechanisms. It is hoped that this Annual Report and its
supporting (cited) papers will facilitate the refinement and/or incorporation of some of the present
ideas into engineering design procedures of much greater generality and reliability. This work has
already helped identify new directions where research results would have a significant impact on
engineering pi ctice in both the defense and civilian sectors of the US economy (Section 3.4).

3. ADMINISTRATIVE INFORMATION:
PERSONNEL, PRESENTATIONS, APPLICATIONS,

"COUPLING' ACTIVITIES
The following sections summarize some pertinent 'non-technical' facets of the

abovementioned Yale HTCRE Lab/AFOSR research program:
3.1 Personnel

The present results (Sections 2 and 5) are due to the contributions of the individuals listed
in Table 3.1-1, which also indicates the role of each researcher and the relevant time interval of
the activity. It will be noted that, in addition to the results themselves, this program has
simultaneously contributed to the research training of a number of students and recent PhDs, who
will now be in an exceilent position to make future contributions to technologies oriented toward
air-breathing chemical propulsion, and high-tech materials processing.

Table 3.1-1 Summary of Research Participantsa on AFOSR Grant:
TRANSPORT PHENOMENA AND INTERFACIAL KINETICS

IN MULTIPHASE COMBUSTION SYSTEMS

Name Statusa Date(s) Principal Research Activityb
Albagli, D. PDRA 4/92- particle production in CDFs
Cohen, R. D. '1S 1,2/93 aggregate restructuring theory
Collins, J. GRA '92,'93 CVD of ceramic coatings
Gomez, A. Asst.Prof. '92 Ms. on particle transp. props.(CDFs)
Kho,T. GRA '92,'93 chemical vapor infiltration (coatings)
Papadopoulos, D GRA '92 transport phenomena in CVD reactors
Rosner, D.E. PI '92-'93 program direction-dep. theory/exp
Silverman, I. PDRA '92-'93 spray evap/comb, at high pressures
Tandon, P. GRA '92-'93 transport phenomena in BLs and CDFs

a PDRA=Post-doctoral Research Asst GRA= Graduate Research Assistant
PI = Principal Investigator VS = Visiling Scholar

b See Section 5 for specific references cited in text (Section 2)
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3.2 Cooperation with US Industry
The research summarized here was supported by AFOSR under Grant 91-0170 (2/15/92-

2/14/93). The Yale HTCRE Laboratory has also been the beneficiary of continuing smaller grants
from U.S. industrial corporations, including GE-Schenectady, DuPont, and Shell as well as the
feedback and advice of principal scientists/engineers from each of these corporations and
Combustion Engineering-ABB and Textron. We appreciate this level of collaboration, and expect
that it will accelerate inevitable applications of our results in areas relevant to their technological
objectives (see, also, Section 3.4, below).

3.3 Presentations and Research Training
Apart from the publications itemized in Section 5 and our verbal presentation (of progress)

at the regular AFOSR Contractors Meeting (6/18/92, La Jolla), our results have also been
presented at annual or topical conferences of the following professional organizations:

Int. Fine Particle Res. Inst. (6/2/92; Harrogate England))
AIChE (1 1/3192; Miami FL)

In addition, during the period: 2/15/92 -2/14/93, the PI presented seminars at the
following Universities:

U Manchester Inst.Sci.Tech. 5/28/92 Leeds 5/29/92 Penn State (7/28/92)

Brown (9/22/92) Notre Dame (10/27/92)

In all, a total of 8 external talks were given based in part on the results of this AFOSR research
program.

This program involved the PhD dissertation research of two Yale graduate students (J.
Collins and P. Tandon; cf.Table 3.1-1). Indeed, J. Collins is expected to complete his PhD
degree requirements in Fall '93.

3.4 Some Known Applications of Yale-HTCRE Lab Research Results
It has been particularly gratifying to see direct applications of some of this generic

AFOSR-supported particle and vapor mass transfer research in more applications-oriented
investigations reported in recent years. Indeed, the writer would appreciate it if further examples
known to the reader can be brought to his attention.

In the area of multicomponent vapor deposition in combustion systems additional
applications of our predictive methods (for "chemically frozen" (Rosner et.al., 1979) and LTCE
multicomponent laminar boundary layers) continue to be made by British Coal Corporation-
Power Generation Branch (I. Fantom, contact) in connection with their topping cycles which run
gas turbines on the products of fluidized bed coal combustors/gasifiers. The writer has also
proposed applications of our computational methods to Aerojet Propulsion Div. ( D.M.
Jassowski ) in connection with predicting the chemical stability of iridium rocket nozzle coatings.
Our Poster in the 1988 Combustion Symposium (Seattle) appears to have motivated Prof. Takeno
(Nagoya) to initiate experiments using a laminar counterflow diffusion flame to estimate the
thermophoretic diffusivity of LDV seed particles. Our paper on the experimental determination of
smaller aggregated particle thermophoretic diffusivities using laminar CDF/LDV/Laser Light
Scattering techniques is nearing completion, and will be submitted to Combustion Science and
Technology early in our next year's program. Also, in combustion research many groups (eg.
Dobbins et.al. (Brown U.), Faeth et.al. (U. Mich.), Katz et al. (J.Hopkins U.)) are now utilizing
"thermophoretic sampling" techniques to exploit the size- and morphology-insensitive capture
efficiency characteristics that we have proven in our AFOSR research (Section 2.1).

Explicit examples are provided in ongoing work at MIT (Walsh et.al. 1992), and Sandia
CRF, both groups having incorporated our rational correlation of inertial particle impaction (e.g. a
cylinder in cross-flow) in terms of an effective Stokes number. This PI was also pleased to
confirm recent applications of our AFOSR and DOE-supported research (on the correlation of
inertial impaction by cylinders in crossflow) by the National Engineering Laboratory (NEL) of
Glasgow Scotland (Contact: Dr. Andrew Jenkins). NEL is apparently collaborating with
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Marchwood Labs-CEGB on developing mass-transfer prediction methods applicable to waste-
heat recovery systems in incinerators, as well as pulverized coal-fired boilers. These applications
are somewhat similar to those reported by the Combustion Lab R&D group at MIT and Penn
State U.

As mentioned last year, explicit use of our studies of self-regulated "capture" of incident
impacting particles (Rosner and Nagaragan, 1987) is being made in current work on impact
separators and ceramic heat exchangers for coal-fired turbine systems in high performance
stationary power plants. Other potential applications arise in connection with "candle filters" used
to remove fines (sorbent particles,...) upstream of the turbines. A useful summary of work in
these interrelated areas (Solar Turbines, Textron Defense Systems, Hague International_...) was
presented at the Engineering Foundation Conference Inorganic Transformations and Ash
Deposition During Combustion. , the proceedings of which appeared during this past year.

Clearly, fruitful opportunities for the application of our recent "non-Brownian" convective
mass transfer research now exist in many of the programs currently supported by the US Air
Force, as well as civilian sector R&D.

4. CONCLUSIONS

In the OSR-sponsored Yale HTCRE Lab research during the period: 2/15/92-2/14/93,
briefly described above, we have shown that new methods for rapidly measuring particle-mass
transfer rates , combined with our recent advances in mass transport theory, provide useful means
to identify and incorporate important, but previously neglected, mass transport phenomena in
many propulsion engineering and materials engineering design/optimization calculations. One
important class of examples involve our treatment of aggregated particle transport phenomt 'ia
(Section 2.1)

Despite formidable complexities to be overcome in the design and operation of mobile and
stationary power plants utilizing a broad spectrum of energetic fuels the abovementioned
techniques and results (Section 2) are indicative of the potentially useful simplifications and
generalizations emerging from our present fundamental AFOSR-funded research studies of
combustion-generated particle transport mechanisms and interfacial reactions relevant to the
synthesis of refractory materials. It is hoped that this Annual Report and its supporting papers
(Section 5) will facilitate the incorporation of many of the present ideas into design and test
procedures of greater generality and reliability. This work has also helped identify new directions
where it is anticipated that research results will have a significant impact on future DOD and
civilian sector engineering practice.

5. REFERENCES

5.1 CITED BACKGROUND PUBLICATIONS (Predecessor OSR, DOE- Grants)
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Eisner, A.D. and Rosner, D.E., Experimental Studies of Soot Particle Thermophoresis in Non
Isothermal Combustion Gases Using Thermocouple Response Techniques", Combustion and
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Rosner, D.E. and Kim,S.S., "Optical Experiments on Thermophoretically Augmented
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LIST OF ABBREVIATIONS

BL Boundary layer CDF Counterflow diffusion flame
CVD Chemical vapor deposition CRF Combustion Research Facility
LDV Laser Doppler Velocimetry LTCE local thermochemical equilibrium
MRS Materials Research Society TTIP Titanium tetra-isopropoxide
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Abstract-lTrerrrtphoresis. meanin~g particle drift dowri a local eas temperature gradmitn. is no- knwn
to be important to manyv combustion-relaid technologies Until no*. howeser. n., dirctciteperimcniat
determinations of primary 3nd aggregated particle therniophoretic dliftnuivtties. 1,irDl,.. in high iemperaturc
combustion environment, have heen reported To pertorm such measurenments. we selected a seeded larmnar
counierfiow diffusion name tCDF1 operated at low sirain-rate as a well-defined combustion svstem. offerinit
at the same time a low vetocirs and high wemnperature gradient environmeni. Vie enralilished a CH, 0, Inert
opposed jet diffusion flame in* which the gaseous tueloesngen ratio. and the diluenst flow rate% were adjusted
to obtain a flat, stable flame. approximately coincident with the gas stagnationi plane IGSPI Particles fed
to Or formed on either or both sides of the GSP move toward this plane until the local aual selccits is
exacit v counterbalanced by the thermophoretic velocity As a result of this dynamic "equilibrium" condition, a
patrick stagnation plane IPSPI is established on one "r both sides of the GSP. resultinig in the formation sif a
readtiy othscrsabfe "dust-free" zone Dramatic confirmation of this phenomenon is orfered by using tlaer-sheet
visualization Of the region. which reveals a thick dark zone, the dust-tree volume, thaticontrasts wit the
bright parti'cle-laden regions. This -phase separation- phenomenon allowed u" to determine TvO' particle
theernophoreli difftasvtrrrs by: it measuring the temperature field using tntlemcpis jeasuring
the thickness of the dark zone it e. FSP-posilionsl using laser light scatterine, and iti) measuring. computing
the asial gaseous convective velociry at ihe particle stagnation planelsl. Experimnents and calciulatrirns indicate
quantittv agreement berween these measurements and kinetic theory pred-ctions for isolated spheres at

Kn.~Iin the case of CH,10O4N, diffusion names Replacement of N, with He as diluent resulted in a
muhthicker and more readily meaisurable particle-free laver, but yielded Zinly qualitative agreement with the

theory, because of uncertainties in the gas composition in the flamne, As well at posssible cointrihutioni% trom
simsultaneous diflusiophonrtic mechanisms. In somne 'hootking diffusion flames, and in lyiviheists flames in which
pairticlets are the desired products, both laminar and turbulent, it is Shown that thermophoresis can influence

article residence times in the decisive region where nucleation, growth. coagulation, sintering and oxidation
occur. as well as particle temperatures, which influence panicle morpholoic and radiative heat tiaids Vike
bnefly discuss the non-premised comtbustion conditions under which thes theirtnophoretically-induced effects
are litkely to be appreciable.
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